The widespread use of fish as model systems is still limited by the mosaic distribution of cells transiently expressing transgenes leading to a low frequency of transgenic fish. Here we present a strategy that overcomes this problem. Transgenes of interest were flanked by two I-SceI meganuclease recognition sites, and co-injected together with the I-SceI meganuclease enzyme into medaka embryos (Oryzias latipes) at the one-cell stage. First, the promoter dependent expression was strongly enhanced. Already in F0, 76% of the embryos exhibited uniform promoter dependent expression compared to 26% when injections were performed without meganuclease. Second, the transgenesis frequency was raised to 30.5%. Even more striking was the increase in the germline transmission rate. Whereas in standard protocols it does not exceed a few percent, the number of transgenic F1 offspring of an identified founder fish reached the optimum of 50% in most lines resulting from meganuclease co-injection. Southern blot analysis showed that the individual integration loci contain only one or few copies of the transgene in tandem. At a lower rate this method also leads to enhancer trapping effects, novel patterns that are likely due to the integration of the transgene in the vicinity of enhancer elements. Meganuclease co-injection thus provides a simple and highly efficient tool to improve transgenesis by microinjection. q
Introduction
Small laboratory fish are very popular as vertebrate model systems in developmental biology and genetics. However, their wide application is still limited by the lack of some tools, above all a simple and efficient technology for transgenesis which has become a major technique in basic research and has multiple applications in biomedicine and agriculture.
Up to now, the method of choice to generate transgenic fish remained the injection of many copies of plasmid DNA (approximately 10 6 plasmid copies) into the cytoplasm of one cell-stage embryos. This technology is fast and easy due to the transparency and large size of most fish eggs, but unfortunately rather inefficient also. Injected DNA persists as long extrachromosomal concatemers transiently transcribed during early embryogenesis. Mosaic expression of the transgene in F0 is due to an uneven distribution of this episomal DNA. At later cleavage stages, DNA eventually gets integrated into the genome. Consequently, the DNA is stably inherited by only a subset of blastomeres (Etkin and Pearman, 1987; Westerfield et al., 1992) . Transgenic founder fish thus transmit the transgene to only few percent of their offspring, thereby leading to low germline transmission rates (Collas and Alestrom, 1998; Culp et al., 1991; Lin et al., 1994; Stuart et al., 1988 Stuart et al., , 1990 Tanaka and Kinoshita, 2001) . One possibility to improve transgenesis is to get an earlier integration event that leads to a higher germline transmission rate: at optimum, a single integration event at the one-cell stage results in a non-mosaic heterozygous fish that transmits the transgene to 50% of its offspring.
Several routes to increase rates of integration and transmission of transgenes have been followed. The use of DNA-NLS complexes has been reported, although most authors found no improvements with this technology (Liang et al., 2000) . Adeno-associated virus flanking repeats (Fu et al., 1998) improve transient expression in F0. However, using this technique, DNA tends to remain episomal and the vectors are difficult to prepare due to the presence of potentially deleterious repeated sequences (Chou et al., 2001 ). In Dictyostelium (Kuspa and Loomis, 1992) and Xenopus (Kroll and Gerhart, 1994; Kroll and Amaya, 1996) successful application of restriction endonuclease mediated integration (REMI) has been reported. In these experiments, the concentration of a frequently cutting restriction enzyme is a very critical parameter. Amounts of enzyme that do not exhibit deleterious effects due to fragmentation of the genome failed to result in any significant improvement of transgenesis in medaka (J.W., unpublished data).
Other than REMI, that carries the intrinsic risk to fractionate the genome, extremely rare cutting meganucleases could be employed acting only on sites introduced into the integration construct. In cell culture, preliminary experiments showed that co-transfection of plasmids bearing meganuclease recognition sites with expression vectors encoding the corresponding meganuclease, efficiently led to stably transfected lines with single copy integrations (A.C., unpublished data). The meganuclease used in these experiments is I-SceI, an intron-encoded homing endonuclease isolated from the yeast Saccharomyces cerevisiae (Jacquier and Dujon, 1985) . Its 18 bp recognition site is expected to be found only once in 7 £ 10 10 bp of random sequence. Consequently, such an I-SceI restriction site could not be found within the medaka genome (7 £ 10 8 bp). The I-SceI meganuclease other than in REMI does not cut the genomic DNA, but acts solely to digest the injected DNA.
Here, we present the efficient generation of stably transgenic medaka strains by co-injection of the I-SceI meganuclease with a reporter construct flanked at both ends by the two corresponding recognition sites. We show that co-injection leads to a strong enhancement of the promoter dependent expression already in F0 and an increased transgenesis frequency. Our data suggest that this is due to integration at the one-cell stage. This renders the meganuclease-mediated transgenesis in medaka one of the most efficient transgenesis protocols available in vertebrates.
Results

Co-injection of reporter gene and I-SceI meganuclease leads to uniform promoter dependent GFP expression in F0
To assay the potential of meganuclease-mediated transgenesis in medaka, we used two types of reporter constructs in which GFP is driven by two different promoters: the moderate cytoskeletal-actin promoter of Xenopus borealis (pCSKAGFPS-I) for ubiquitous expression in the entire embryo (Lakin et al., 1993) ; and the muscle specific aactin promoter of zebrafish (paact-GFPI2) for tissue specific expression. (Higashijima et al., 1997) These two reporter constructs were flanked at both ends by I-SceI meganuclease recognition sites.
Circular and linear plasmid-DNA were tested for transient expression in F0 by injection into one-cell stage embryos (stage 2a, (Iwamatsu, 1994) ) with or without ISceI meganuclease. When co-injecting I-SceI and plasmid DNA, a DNA concentration of 10 ng/ml leads to efficient expression without significantly increasing the mortality of the injected embryos. No further deleterious effects on embryo survival were observed. GFP expression was then examined at a number of distinct developmental stages using fluorescence binocular microscopy. GFP expression levels were similar with both vectors, we therefore only present in detail those obtained with the muscle specific zebrafish a-actin promoter (paact-GFPI2). Embryos were scored after 3 days of development (stage 31) when the muscular a-actin GFP expression was easily detectable in striated cells. The embryos were grouped according to the intensity of fluorescence in order to quantitatively determine the level and distribution of transgene expression in each experiment (Fig. 1) . Upon injection of circular or linear plasmid without I-SceI enzyme, about 50% of the surviving embryos showed no muscular fluorescence and were classified as negative (N) ( Table 1 ). In the other embryos the number of GFP positive cells ranged from a few cells (classified as weak, W) (24% with circular plasmid and 29% with linear plasmid), to an almost ubiquitous labelling of muscle cells (strong, S) (5% with circular plasmid and 3% with linear plasmid). When the expression was detected in a large domain of the muscles, the expression was qualified as moderate (M) (21% with circular plasmid and 19% with linear plasmid). Expression in individual muscle cells was always strong enough to be easily detected, and no ectopic expression was observed. (Table 1) .
In contrast, when circular paact-GFPI2 was co-injected with I-SceI meganuclease, the GFP muscular expression was dramatically improved. About 76% of the embryos exhibited a moderate (M) or strong (S) expression in the trunk musculature, as compared to 26% when injection was performed without enzyme (Table 1) . Thus, transient transgene expression in F0 fish is readily and efficiently improved applying the meganuclease protocol.
Using paact-GFPI2, the transient GFP muscular expression persisted in adult fish. An important point was then to investigate if the transgene was better transmitted to the next generation upon co-injection of the meganuclease. In order to analyse the transmission of the transgene to the progeny and, in particular, whether the improved rate of GFP expressing F0 fish also resulted in a higher germline transmission rate, we generated families of transgenic fish.
Generation of germline-transmitting fish by I-SceI meganuclease co-injection
The two plasmids bearing the expression cassettes flanked by the I-SceI sites were co-injected with and without I-SceI meganuclease (see earlier). All injected fish exhibiting no GFP expression turned out to be negative for germline transmission of the transgene (data not shown). Injected GFP-expressing F0 fish were selected as putative founder fish, raised to sexual maturity, mated to wild-type partners and tested for germline transmission. Fish transmitting the functional transgene as judged by GFP expression to the progeny were then selected as real founders. The GFP fluorescence in their 3-day-old progeny was then scored to estimate the germline transmission rate.
In control experiments, whole linear and circular paact-GFPI2 plasmids were injected without the meganuclease. Of injected GFP expressing F0 fish only 5.9 and 15.6%, respectively, were transgenics (Table 2 ). These transgenic founder fish also showed a highly mosaic germline. For most paact-GFPI2 F0 transgenic fish derived from linear or circular plasmid injection only few F1 offspring did express GFP (Table 2) . We observed an average germline transmission rate of 15.1% for the linear form, and 17.6% for the circular form, and a high standard deviation of 17.7 and 22.2% (Table 2) , respectively. This low rate is indicative of a late integration event after several cell cleavages, taking place in only a fraction of the blastomeres contributing to the germline.
When I-SceI meganuclease was co-injected with circular plasmids (paact-GFPI2 and pCSKAGFPS-I), we observed that 30.5 and 30.7%, respectively, of GFP positive F0 fish had F1 offspring expressing GFP. Moreover, 48.4 and 49%, respectively, of the F1 fish expressed the transgene with a low standard deviation of 9.1 and 10.3%, respectively. The rate of co-injected embryos that turned out to be germline transmitters is higher than in the control experiment, and these transgenic fish transmitted the transgene to about half of their progeny compared to only 15% in most control transgenics. The improved expression in F0 obtained by co-injection with meganuclease was thus correlated with both an enhanced transgenesis frequency and an increased germline transmission rate. Germline transmission rates close to 50% are due to a single integration of the transgene into one-cell stage embryos, leading to non-mosaic transgenic fish.
To determine the nature of DNA integrations (the number of insertion loci and the length of concatemers), we performed Southern blot analyses on genomic DNA from independent F1 transgenics derived from fish co-injected with I-SceI (Fig. 2) . Genomic DNA was first digested with a Frequencies of the different muscular GFP expression levels observed in embryos injected with paact-GFPI2 alone or upon co-injection with I-SceI. Surviving embryos were scored after 3 days of development (stage 31). Embryos were grouped according to the GFP muscular expression pattern. Whole circular and linear paact-GFPMI (mutated I-SceI site) and DI (deleted I-SceI site) were injected with I-SceI to test a hypothetical NLS activity of I-SceI. restriction enzymes that cut the insert and the plasmid (AflIII for pCSKAGFPS-I; BamHI for paact-GFPI2). Blots were hybridised with insert probes obtained by digestion with either I-SceI for pCSKAGFPS-I ( Fig. 2A, schematic  diagram) or XhoI/EcoRV for paact-GFPI2 (Fig. 2B , schematic diagram).
Southern blot analysis of nine independent transgenic lines revealed insertions of the entire plasmid in tandem arrays ( Fig. 2A , lanes 1-3, 6 and 7; Fig. 2B lanes 1-4) , as demonstrated by the presence of the expected fragments (5.8, 1.6 and 0.6 kb for pCSKAGFPS-I; and 1, 2 and 4.8 kb for paact-GFPI2) (Fig. 2) . This pattern also suggested that I-SceI sites were still present in the genome of all these transgenics, which was thereafter confirmed by Southern blots on DNA digested by I-SceI (data not shown). The copy number of integrated concatemers was estimated in pCSKAGFPS-I transgenics, using a standard array of plasmid DNA. Copy number range from only one or two copies of the injected constructs ( Fig. 2A ; lanes 3-5, 7 and 8) to a maximum of eight copies in all of the lines analysed, significantly lower than reported for standard transgenesis in fish, where up to 2000 copies were reported to integrate in tandem clusters (Hackett, 1993; Iyengar et al., 1996) .
In other cases ( Fig. 2A, lanes 4, 5) , the absence of the internal fragment found in concatemers (5.8 kb fragment lanes 4 and 5) indicates a single copy insertion. The restric- a Rate of transgenic fish and transmission to offspring after injection in one-cell stage medaka embryo. Circular plasmid paact-GFPI2 or pCSKAGFPS-I and I-SceI meganuclease were co-injected, and resulting fish were tested for their ability to transmit the transgene to the F1 offspring (column: 'rate of transgenics'). All injected adult fish exhibiting no GFP expression turned out to be negative for germline transgene transmission (data not shown). Thus, adult GFP-negative fish were a priori considered as negative, and subsequently discarded from the F0 mating procedures. tion pattern is consistent with insertions at more than one locus as more than two junction fragments were detected. Segregation analysis, however, suggested integration of the functional copy at a single site. For I-SceI mediated integration, two junction fragments are expected for both vector ends as found in lanes 1, 3-5, and 7 ( Fig. 2A) and lanes 1-4 (Fig. 2B) , indicating single-or double-sided I-SceI mediated insertion of the entire plasmid in tandem at a single locus. Hybridising bands in lanes 2, 6 and 8 indicate several insertion loci, as demonstrated by the presence of several junction fragments. Taken together, in the majority of the lines analysed, the functional reporter integrated as single copy element or low copy number tandem repeat into mostly single sites within the genome, in striking contrast to the reported high copy number of tandem repeats reported to integrate in standard transgenesis approaches (Hackett, 1993; Iyengar et al., 1996) .
In addition to the promoter dependent expression obtained in the transgenic lines, interestingly, one of 20 independent transgenic lines obtained with pCSKAGFPS-I, exhibited an intriguingly specific and stable expression pattern (Fig. 3) in the F1 generation. This indicates that this reporter construct was sensitive to position effects. Thus, this technique can be useful for enhancer or gene trapping strategies.
Improvement in F0 transgene expression is not linked to a nuclear targeting activity of the meganuclease
Three explanations for the increased efficiency of I-SceI transgenesis can be contemplated. First, cleavage of the transgene by the enzyme promotes rapid integration, probably by counteracting the endogenous ligase activity fusing the transgene into multimers and thereby sustaining a high number of transgene copies as short linear fragments. Second, I-SceI cleaves the host genome and thereby promotes integration of the transgene through endogenous non-homologous end joining. Third, I-SceI binds to the transgene and promotes nuclear localisation of the transgene. Although it is not known if I-SceI has an implicit nuclear localisation activity, it is known that I-SceI binds its recognition site tightly, both before and after cleavage (Jacquier and Dujon, 1985) .
Since I-SceI cleavage is expected randomly only once in 7 £ 10 10 bp, the second possibility is very unlikely. Furthermore, Southern blot analyses of the transgenic lines excluded this possibility as it provided no evidence for a unique, reappearing integration site. Also in mammalian cell cultures, no evidence for preferential integration sites was found when flanking regions of several tenths of insertions were analysed (A.C., unpublished data).
To assess whether the increased efficiency of transgenesis is due to a nuclear localisation activity of the I-SceI meganuclease, linear or circular control constructs bearing deleted (paact-GFPDI) or mutated (paact-GFPMI) recognition sites (both are bound, but not cleaved by the meganuclease (Colleaux et al., 1988) ) were co-injected with or without the meganuclease (Table 1) .
We took advantage of the tight correlation of uniform promoter dependent expression in F0 and the germline transmission rate to quantitatively address this question. Following injection, embryos were grouped according to the criteria described earlier (Fig. 1) . We determined the distribution of the transient GFP expression in F0 embryos injected with circular and linear paact-GFPMI, containing a modified meganuclease site that allows enzyme binding but not cleavage, or with circular and linear paact-GFPDI in which the meganuclease site has been deleted. GFP expression data using those two constructs were highly reminiscent of those obtained in control experiments involving the injection of the circular and linear paact-GFPI2 in the absence of the enzyme (Table 1) . Thus, in none of the cases enhanced transgenesis rates were observed, indicating that a putative NLS located in the enzyme is not sufficient to mediate efficient integration. It is still possible, however, that it contributes to translocate the digested DNA to the nucleus.
Taken together the primary reason for the increased efficiency of transgenesis is the cleavage of the transgene by the I-SceI meganuclease that mediates efficient integration.
Discussion
Here we report a meganuclease-mediated approach enabling rapid and stable integration of transgenes into the genome of medaka. This technique strongly enhances transgenesis in fish on several levels.
First, the F0 expression (transient expression) of an injected DNA construct is improved (Fig. 1) : mosaic expression of the reporter gene in injected embryos is greatly diminished, overcoming one of the main pitfalls of transgenesis in fish. This result opens the way to easy and reliable promoter studies in fish already in F0 without the immediate need to establish stable transgenic lines.
Second, this technique significantly increases the frequency of positive founder fish in F0, thus improving transgenesis frequency (Fig. 2, Table 1 ). We also observed a tight correlation between the maintenance of the reporter gene expression in adult injected fish and the ability to produce transgenic offspring. Therefore, the tools presented here greatly simplify the time-and space-consuming selection of transgenics by identifying founder fish already in the F0 generation.
Third, and maybe most strikingly, the germline transmission rates in transmitting families reach about 50% in I-SceI experiments (Fig. 2) . Thus, a few F0 fish selected by GFP expression are sufficient to establish a transgenic line with limited screening effort in F1. Southern blot analysis indicated single to few integration events in individual lines. Germline transmission rates of close to 50% may be due to a single integration of the transgene into one-cell stage embryos, leading to non-mosaic transgenic fish. Equally possible could be multiple independent insertions in different cells at later stages, creating a mosaic germline by which the different insertions are inherited to different F1 fish. In both cases transgenic carriers are easily identified. However, the observed tight correlation of uniform GFP expression in F0 with high germline transmission rates and the segregation analyses in cases with several integrations consistently argue for early integration event(s) in meganuclease injected embryos leading to uniform F0 pattern and transgenesis.
Transgene integration never occurred as long concatemers, a feature otherwise encountered in transgenic fish (Hackett, 1993; Iyengar et al., 1996) , and known to induce gene-silencing in vertebrates (Garrick et al., 1998) . Instead, we found that the transgene was integrated in short repeats and consequently not silenced (Fig. 2) . In these two independent series of stable transgenic lines, we detected integrations of repeated units of inserts linked to plasmid still bearing I-SceI sites (Fig. 2) . The reason why I-SceI sites are still present in the genome of the transgenic fish remains unclear. One likely hypothesis is that I-SceI has to overcome the strong ligase activity present in fish egg cytoplasm, by cutting the concatemers. The enzyme indeed only cuts isostoechiometrically and remains linked to the longer half of the recognition site (Colleaux et al., 1988) after cleavage. In addition to the requirement for cleavage by I-SceI, it is possible that the continued stable binding of the enzyme to the DNA end plays a role in the high frequencies of transgenesis, possibly by protecting the linear monomers from degradation.
The large recognition sequence of I-SceI renders the meganuclease a very rare cutter (once in 7 £ 10 10 bp). Therefore, it appears unlikely that I-SceI cuts the medaka genome (7£10 8 bp). Furthermore, all investigated transgenic lines showed different insertion patterns in Southern analysis. We thus think that the improved transgenesis efficiency by the meganuclease is mediated by a mechanism different from that described for REMI.
Taken together the co-injection of the integration construct with the I-SceI meganuclease that cuts only flanking to the insert leads to early integration of a functional insert already at the one-cell stage. The co-injected enzyme likely counteracts the endogenous ligase activity, preventing the generation of long concatemers found upon the injection of circular or linear DNA and thus provides more recombinogenic ends that facilitate highly efficient integration. Due to this early integration, transgenic founders are easily identified in F0. On the other hand the early integration warrants a very high germline transmission rate of nearly 50%.
Finally, transgenesis mediated by I-SceI leads in one out of 20 cases to regionalised expression patterns most likely due to the insertion of the transgene in the vicinity of enhancer elements. Thus, the technique may be also employed to identify novel enhancers or genes in trapping experiments by virtue of the expression of the reporter gene. In a single case, enhancer trap-like transgene expression has been reported earlier with lacZ as reporter (Bayer and CamposOrtega, 1992) . The meganuclease technology therefore confirms the principal potential to perform enhancer traplike experiments in fish. Transgenic fish showing specific spatial or temporal expression patterns can be used for the isolation of GFP positive cells by FACS sorting and subsequent downstream applications like tissue-specific cDNA libraries, subtractive approaches or expression profiling. Random transgene insertions may also give rise to mutant phenotypes when crossed to homozygosity, especially in the context of gene or enhancer trapping experiments.
Transgenesis by direct microinjection of DNA is the most convenient and cost effective technique for many vertebrate prolific species (fish, mouse, rat, rabbit, pig, cow). However, the rate of foreign gene integration used to be very low and constituted the major limitation for transgenesis. In these species the meganuclease-mediated approach, which is both simple and efficient, has many potential applications in basic research and biotechnology.
Material and methods
Plasmid constructs
The paact-GFPI2 (7.9 kb) was generated by introducing two I-SceI recognition sequences in a plasmid bearing the EGFP cDNA reporter gene driven by a zebrafish a-actin muscle specific promoter and a BGH poly(A) signal (p-G-BS, gift from Dr S.I. Higashijima, (Higashijima et al., 1997) ). 'Megalinkers' were generated by annealing complementary oligonucleotides containing the I-SceI recognition site (TAGGGATAACAGGGTAAT) flanked by free ends compatible with either of the EcoRI or KpnI digest products. 'Megalinkers' were inserted at the EcoRI and KpnI sites, located on both ends of the a-actin/GFP/SV40polyA cassette in the Bluescript polylinker, and verified by sequencing. A construct with a single I-SceI linker at the former KpnI site was digested by I-SceI to generate a linearised control for stable transgenesis experiments.
Several other constructs were obtained by inserting different linkers at the KpnI site: paact-GFPI with only one I-SceI recognition site, paact-GFPDI with a shortened recognition site (GGGTAATATA), and paact-GFPMI containing a mutated (TAGGGtTAACAGGGTAAT) version of the I-SceI site. The I-SceI meganuclease binds these latter two sites but does not cleave (Colleaux et al., 1988) .
Similarly, the pCSKAGFPS-I vector (7.7 kb) was constructed. An I-SceI backbone vector was created by insertion of a double strand oligonucleotide containing two I-SceI sites interrupted by the pBSIISK 1 MCS at the BssHII sites of pBSIISK 1 and verified by sequencing. A reporter cassette containing a GFP reporter gene driven by the cytoskeletal actin promoter of X. borealis (Condie et al., 1990 ) and followed by a SV40 polyA signal was inserted into the I-SceI backbone vector at the Bsp120I site resulting in a 7.7 kb plasmid.
Microinjection of plasmid DNA with meganuclease
Medaka embryos and adults of the orange-red or inbred Cab strains were used in all experiments. Fertilised eggs were collected immediately after spawning (at the onset of light) and placed in pre-chilled Yamamoto's embryo rearing medium (Yamamoto, 1975) . For injection, one-cell stage embryos were transferred to 48C to arrest development. In all experiments, a pressure injector (FemtoJet, Eppendorf, Germany) was used with borosilicate glass capillaries (GC100T(F), Clark Electromedical Instruments, UK). Capillaries were backfilled with the injection solution (DNA: 10 mg/ml; commercial meganuclease buffer (Roche Diagnostics, Germany or New England Buffer, USA): 0.5 £ ; meganuclease I-SceI: 1 units/ml; 0.1% phenol red). DNA was prepared using a Qiagen Maxiprep kit (Qiagen, USA), and then optionally purified on Elutip-D column (Schleicher and Schuell, Germany). DNA was injected through the chorion into the cytoplasm of the one-cell stage embryos. Embryos were raised to sexual maturity and transgenic carriers were identified by outcrossing to wild type fish. Rates of germline transmission of identified transgenic founder fish were then established to determine the percentage of transgenic F1 offspring.
Southern blot analysis
For Southern blotting, genomic DNA of adult F1 fish was extracted using proteinase K and phenol. (Sambrook et al., 1989) Genomic DNAs were digested to completion with AflIII (for pCSKAGFPS-I) and BamHI (for paact-GFPI2). DNA standards were prepared by digesting plasmids used in the transgenesis experiment by the corresponding enzymes. Using an estimated DNA content of 10 9 bp per haploid genome, 50 pg of digested plasmid were loaded to estimate the intensity of a single copy insertion. Samples (10 mg/ lane) were separated in 0.9% agarose in 1 £ TBE and blotted by capillary transfer. Filters were hybridised with random-primed radiolabelled probes: an XhoI/EcoRV fragment corresponding to a-actin/GFP/polyA and I-SceI fragments of pCSKAGFPS-I corresponding to the CSKA/GFP/ polyA cassette.
Epifluorescence microscopy
Embryos were observed and scored using a MZFLIII Leica dissecting microscope with a 370-420 nm excitation filter and a 455 nm LP emission filter. Photographs were taken with a Nikon DXM1200 digital camera. For photography, embryos were dechorionated with hatching enzyme (Yasumasu et al., 1992) following the procedure described in Wakamatsu et al. (1994) .
